Abstract: Bacterial motility is one important factor that affects biofilm formation. In drinking water there are key bacteria in aggregation, whose biology acts to enhance the formation of biofilms. However, it is unclear whether the motility of these key bacteria is an important factor for the interactions between bacteria in drinking water, and, subsequently, in the formation of aggregates, which are precursors to biofilms. Thus, the role of the motility of one of these key bacteria, the Methylobacterium strain DSM 18358, was investigated in the interactions between bacteria in drinking water. The motility of pure Methylobacterium colonies was initially explored; if it was affected by the viscosity of substrate, the temperature, the available energy and the type of substrate. Furthermore, the role of Methylobacterium in the interactions between mixed drinking water bacteria was investigated under the mostly favourable conditions for the motility of Methylobacterium identified before. Overall, the motility of Methylobacterium was found to play a key role in the communication and interactions between bacteria in drinking water. Understanding the role of the motility of key bacteria in drinking water might be useful for the water industry as a potential tool to control the formation of biofilms in drinking water pipes.
Introduction
Bacterial motility is one important factor that affects the adhesion of bacteria to a surface. Bacterial adhesion is the first stage for the formation of biofilms on an available substrate. Bacterial appendages, such as flagella, fimbriae, and pili, are found to function as bridges between cells and surfaces and might contribute so that bacteria attach irreversibly to the surfaces. These cell appendages are closely related to the cell motility [1, 2] . On the other hand, detachment is the last stage of biofilm growth, and it is caused by local instabilities within the physical biofilm structure in combination with external forces. Again, cell motility is an important factor that affects bacterial detachment. Cell detachment from a surface can be achieved by different types of cell motility [3] [4] [5] . Thus, bacterial motility plays a key role in biofilm growth as it enables bacteria to overcome the electrostatic forces between them and the surfaces they colonise. In drinking water, in particular, under low flow conditions, cell motility is important for the transport of bacteria from the bulk water to the exposed surfaces [6] [7] [8] .
Bacterial motility is found to regulate the production of genes that control the expression of virulence determinants. These determinants enable bacteria to invade host cells [9] [10] [11] [12] , and, thus, it is critical in the aggregation of bacteria, where microorganisms interact with each other, forming a cluster that is free-floating and can be attached to a substratum as part-of or a precursor-to a biofilm [13] [14] [15] [16] . The role of cell motility in bacterial aggregation is important, especially where no external physical forces are pushing the bacteria together [17] . Chemotaxis, which describes certain movements of bacteria towards favourable conditions due to chemicals existing in their surrounding
Materials and Methods
The Methylobacterium strain DSM 18358 (DSMZ: Deutsche Sammlung von Mikroorganismen und Zellkulturen, Leibniz-Institute, Braunschweig, Germany) was chosen for experimental analysis in this study. The strain was cultured as described in an earlier study [49] . Two sets of experiments were conducted. In the first set of experiments, the motility of the Methylobacterium DSM 18358 was tested to see if it was affected by several factors, such as the viscosity of the substrate, the temperature, the available energy, and the type of substrate. Therefore, the motility of pure colonies of Methylobacterium was studied on agar plates under different concentrations of agar, different temperatures, and different substrate conditions to understand whether these conditions would impact the extent and direction of movement of Methylobacterium cells. In the second set of experiments, the role of Methylobacterium in the interactions between mixed drinking water bacteria was tested under the conditions that were identified as mostly favourable for the motility of Methylobacterium from the first set of experiments. To do that, both pure Methylobacterium and mixed drinking water bacterial colonies were inoculated into different agar plates.
The first set of experiments included 3 motility experiments. The total volume of medium in all of them was 30 mL for each agar plate. At 4 symmetric points of each agar plate, there was an injection of 5 µL of the pure Methylobacterium culture [50, 51] , which was at the exponential phase of growth ( Figure 1 ). To determine the exponential phase of growth of Methylobacterium, the optical density of the culture at the wavelength of 595 nm was monitored using the Infinite ® M200 Pro automated micro-plate reader (Tecan Group Ltd., Männedorf, Switzerland) as described in an earlier study [49] .
Water 2018, 10, x FOR PEER REVIEW { PAGE } of { NUMPAGES } found to form biofilms [48] . A number of species, such as Methylobacterium species [12] , Acinetobacter calcoaceticus [4] , and Mycobacterium species [12, 14] , have been implicated in promoting bacterial aggregation in pure or simple mixed cultures. Specifically, the Methylobacterium DSM 18358 was previously proved to be a key strain in the formation of aggregates in drinking water and, subsequently, in the formation of biofilms on available surfaces exposed to drinking water [49] . Thus, in this study the role of the motility of the Methylobacterium strain DSM 18358 in the interactions between drinking water bacteria was explored in agar plate experiments to understand if this is a significant factor for the communication between bacteria in drinking water.
The first set of experiments included 3 motility experiments. The total volume of medium in all of them was 30 mL for each agar plate. At 4 symmetric points of each agar plate, there was an injection of 5 μL of the pure Methylobacterium culture [50, 51] , which was at the exponential phase of growth ( Figure 1 ). To determine the exponential phase of growth of Methylobacterium, the optical density of the culture at the wavelength of 595 nm was monitored using the Infinite ® M200 Pro automated micro-plate reader (Tecan Group Ltd., Männedorf, Switzerland) as described in an earlier study [49] . The 4 Methylobacterium colonies in each agar plate had an initial diameter of 2.5 mm. All agar plates were Petri dishes with a diameter of 8.60 cm. The distances between the pure colonies of Methylobacterium were equal to half of the radius of the Petri dish. All experiments were performed in triplicates. The maximum linear movement of Methylobacterium was firstly measured, with the starting point at the centre of injection, at a particular time and by dividing them, the maximum velocity of Methylobacterium was finally calculated. An additional measurement was to determine The 4 Methylobacterium colonies in each agar plate had an initial diameter of 2.5 mm. All agar plates were Petri dishes with a diameter of 8.60 cm. The distances between the pure colonies of Methylobacterium were equal to half of the radius of the Petri dish. All experiments were performed in triplicates. The maximum linear movement of Methylobacterium was firstly measured, with the starting point at the centre of injection, at a particular time and by dividing them, the maximum velocity of Methylobacterium was finally calculated. An additional measurement was to determine the diameter of the pure colonies of Methylobacterium at specific time periods. Finally, images of the agar plates were obtained at each of these time periods using the Molecular Imager ® Gel Doc TM and the Image Lab TM Software (Bio-Rad Laboratories, Perth, UK). Motility was assessed after 12, 24, 48, and 72 h of incubation of the agar plates [52] .
In the first motility experiment, the medium used was 3 g/L R2A (ThermoFisher Scientific, Loughborough, UK) [53] , as this medium was previously used for the culture of Methylobacterium. Here, it was used because it is mainly composed of glucose and starch, which provide carbon for adequate energy to cells, and of amino acids and peptides, which provide favourable conditions for the bacterial slime [17] . In the same experiment, to explore the effect of viscosity, different concentrations of agar at 0.2%, 0.3%, and 1% were tested [52, 54, 55] . To explore the effect of temperature, two different temperatures were tested. The first temperature tested was 28 • C, as this was the optimal growth temperature for the Methylobacterium strain, and the other temperature was 16 • C, which is a representative temperature for the United Kingdom for spring and summer [56] .
In the second motility experiment, it was explored whether a change in the energy available to the Methylobacterium cells would affect their motility. This was achieved by testing R2A medium concentrations at 3 g/L and 3 mg/L. To ensure that neither viscosity nor temperature would limit motility, in this experiment only 0.2% agar and 28 • C temperature were used, as from the first motility experiment it was shown that higher agar concentrations (0.3% and 1%) and lower temperature (16 • C) had detrimental effects on the motility of Methylobacterium.
In the third motility experiment, it was investigated whether the change of substrate and the absence of energy from the R2A medium would affect the motility of Methylobacterium. Thus, the substrate used here was drinking water that was sampled from a domestic tap in Glasgow. This is most akin to real-world conditions, admittedly with a slightly higher viscosity (again at 0.2%), which is needed so the plates can be safely moved without disturbing any motility patterns formed. The temperature of incubation was again at 28 • C. The conditions for all 3 motility experiments are summarised in Table 1 . The second set of experiments included both colonies of mixed drinking water and pure Methylobacterium colonies inoculated at discrete points onto plates that comprised 30 mL of drinking water with 0.2% agar at 28 • C. As in the first set of experiments, each inoculated colony occupied 5 µL and had a surface diameter of 2.5 mm. The distances between the colonies were the same as previously. The mixed population that was inoculated onto the plates was drawn from a drinking water culture, which was at the exponential phase of growth ( Figure 2 ). To determine the exponential phase of growth of the drinking water culture, the optical density of the culture at the wavelength of 595 nm was monitored as described in an earlier study [49] . In the second experiment, it was tested whether the presence of pure Methylobacterium colonies in the same plate with mixed drinking water colonies would result in different findings from those of the first experiment. Therefore, 2 colonies of mixed drinking water bacteria and 2 pure colonies of Methylobacterium in a plate were compared with 2 colonies of mixed drinking water with the Methylobacterium inoculated at 1% relative abundance and 2 pure colonies of Methylobacterium in another plate. The conditions of these experiments are summarised in Table 2 . 
Results and Discussion

Motility of Pure Methylobacterium Colonies
In the first motility experiment, it was found that the viscosity and the temperature had significant effects on the motility of Methylobacterium. The bacteria only moved in the lowest agar concentration (0.2%) and only at 28 °C; at agar concentrations above the 0.2% and at 16 °C temperature, there was no motility observed on the plates. This is unsurprising as the drag is related to both the viscosity and the velocity, and the energy required to overcome the viscous drag force increases with viscosity. In addition, it was expected to find this result regarding the temperature, as the 16 °C is a much lower temperature than the optimum for the Methylobacterium at 28 °C. Thus, all subsequent motility experiments were conducted for the lowest viscosity environment at 28 °C.
In the second motility experiment, in which the concentration of R2A was varied to ascertain the effect of different levels of energy on the motility of Methylobacterium, it was found that the motility was enhanced for the higher concentration of R2A at 3 g/L. In the third motility experiment, it was found that the absence of energy affected the motility of Methylobacterium, which was found to be further decreased when drinking water was used as the available medium. The pure Methylobacterium colonies were inoculated onto the plates as described previously. Here, only images of the agar plates were obtained after 12, 24, 48, and 72 h of incubation as described previously. All experiments were again performed in triplicate. In the first experiment, it was explored whether the presence of Methylobacterium within mixed drinking water colonies would impact the interactions between cells. Therefore, 4 colonies of mixed drinking water bacteria were compared with 4 colonies of mixed drinking water bacteria with the Methylobacterium inoculated at 1% relative abundance. The reason to inoculate Methylobacterium in drinking water only at 1% relative abundance was that it was previously found that Methylobacterium was able to significantly enhance bacterial aggregation in drinking water even at 1% relative abundance under both stagnant and flow conditions.
In the second experiment, it was tested whether the presence of pure Methylobacterium colonies in the same plate with mixed drinking water colonies would result in different findings from those of the first experiment. Therefore, 2 colonies of mixed drinking water bacteria and 2 pure colonies of Methylobacterium in a plate were compared with 2 colonies of mixed drinking water with the Methylobacterium inoculated at 1% relative abundance and 2 pure colonies of Methylobacterium in another plate. The conditions of these experiments are summarised in Table 2 . 
Results and Discussion
Motility of Pure Methylobacterium Colonies
In the first motility experiment, it was found that the viscosity and the temperature had significant effects on the motility of Methylobacterium. The bacteria only moved in the lowest agar concentration (0.2%) and only at 28 • C; at agar concentrations above the 0.2% and at 16 • C temperature, there was no motility observed on the plates. This is unsurprising as the drag is related to both the viscosity and the velocity, and the energy required to overcome the viscous drag force increases with viscosity. In addition, it was expected to find this result regarding the temperature, as the 16 • C is a much lower temperature than the optimum for the Methylobacterium at 28 • C. Thus, all subsequent motility experiments were conducted for the lowest viscosity environment at 28 • C.
In the second motility experiment, in which the concentration of R2A was varied to ascertain the effect of different levels of energy on the motility of Methylobacterium, it was found that the motility was enhanced for the higher concentration of R2A at 3 g/L. In the third motility experiment, it was found that the absence of energy affected the motility of Methylobacterium, which was found to be further decreased when drinking water was used as the available medium.
Overall, it was shown that the motility of Methylobacterium was decreased with time with the maximum velocity of Methylobacterium cells be at the first 12 h. The medium with the highest offered energy to cells was the one for which the highest velocity of Methylobacterium was found (Figure 3) . The maximum diameter of Methylobacterium colonies was determined at the first 12 h for all the tested conditions. After 12 h of incubation, the diameter of the colonies was not changed and, thus, no further measurements were recorded (Figure 4 ). Overall, it was shown that the motility of Methylobacterium was decreased with time with the maximum velocity of Methylobacterium cells be at the first 12 h. The medium with the highest offered energy to cells was the one for which the highest velocity of Methylobacterium was found (Figure 3) . The maximum diameter of Methylobacterium colonies was determined at the first 12 h for all the tested conditions. After 12 h of incubation, the diameter of the colonies was not changed and, thus, no further measurements were recorded (Figure 4 ). From the images obtained, the Methylobacterium colonies were found to have the same behaviour when R2A was the available medium (Figure 5a,b) . The colonies migrated towards the centre of the dish and then moved off "en masse" towards the wall to the dish. The fact that they first Overall, it was shown that the motility of Methylobacterium was decreased with time with the maximum velocity of Methylobacterium cells be at the first 12 h. The medium with the highest offered energy to cells was the one for which the highest velocity of Methylobacterium was found (Figure 3) . The maximum diameter of Methylobacterium colonies was determined at the first 12 h for all the tested conditions. After 12 h of incubation, the diameter of the colonies was not changed and, thus, no further measurements were recorded (Figure 4 ). From the images obtained, the Methylobacterium colonies were found to have the same behaviour when R2A was the available medium (Figure 5a,b) . The colonies migrated towards the centre of the dish and then moved off "en masse" towards the wall to the dish. The fact that they first moved in a coordinated manner towards the centre suggests that the organisms can sense From the images obtained, the Methylobacterium colonies were found to have the same behaviour when R2A was the available medium (Figure 5a,b) . The colonies migrated towards the centre of the dish and then moved off "en masse" towards the wall to the dish. The fact that they first moved in a coordinated manner towards the centre suggests that the organisms can sense one-another, perhaps through chemotaxis and that there is some benefit to aggregating. The fact that once congregated in the centre of the plate they moved off together rather than spreading radially suggests that once aggregated they acted in a coordinated way perhaps driven by some sort of quorum sensing. On the other hand, the behaviour of the Methylobacterium colonies in drinking water was clearly different from that in R2A medium (Figure 5c ). The colonies here appeared to move away from one another. This pattern shows that there was no aggregation between cells. The fact that the bacteria moved away from one another suggests that chemotaxis may well be at play, but it is chemotaxis in search of resources. Thus, the bacteria moved away from where the population was dense and resources were depleted. 
Interactions of Mixed Drinking Water and Pure Methylobacterium Colonies
From the images obtained in the first experiment, it was observed that in the mixed drinking water colonies in which Methylobacterium was inoculated at 1% relative abundance, there were more bacterial movements observed on the agar plates, and bacteria tended to communicate more with each other (Figure 6b ) compared to the mixed drinking water colonies in which there was no Methylobacterium inoculated (Figure 6a ). 
From the images obtained in the first experiment, it was observed that in the mixed drinking water colonies in which Methylobacterium was inoculated at 1% relative abundance, there were more bacterial movements observed on the agar plates, and bacteria tended to communicate more with each other (Figure 6b ) compared to the mixed drinking water colonies in which there was no Methylobacterium inoculated (Figure 6a 
From the images obtained in the first experiment, it was observed that in the mixed drinking water colonies in which Methylobacterium was inoculated at 1% relative abundance, there were more bacterial movements observed on the agar plates, and bacteria tended to communicate more with each other (Figure 6b ) compared to the mixed drinking water colonies in which there was no Methylobacterium inoculated (Figure 6a) . From the images obtained in the second experiment, in which there was presence of both pure colonies of Methylobacterium and mixed drinking water colonies in the same plate, it was found that the pure Methylobacterium colonies were not able to grow in the plate as the mixed drinking water From the images obtained in the second experiment, in which there was presence of both pure colonies of Methylobacterium and mixed drinking water colonies in the same plate, it was found that the pure Methylobacterium colonies were not able to grow in the plate as the mixed drinking water colonies did (Figure 7 ). However, it was again obvious that in the two mixed drinking water colonies in which there was Methylobacterium inoculated at 1% relative abundance, there were more bacterial movements observed on the agar plates ( Figure 7b ) compared with those in which there was no addition of Methylobacterium in the two mixed drinking water colonies (Figure 7a ). The most important difference of this experiment with the previous one is that here there were cell interactions between the two mixed drinking water colonies without the inoculated 1% Methylobacterium (Figure 7a ), which were not observed in the four mixed drinking water colonies, which were again without the inoculated 1% Methylobacterium in the first experiment (Figure 7a ). This suggests that even the presence of pure Methylobacterium colonies in the plate triggered the communication between the mixed drinking water colonies.
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(a) (b) Figure 7 . Interactions of mixed drinking water colonies with and without Methylobacterium, and of pure Methylobacterium colonies after 12 h of incubation: (a) Two mixed drinking water colonies and two pure colonies of Methylobacterium (indicated with "M") and (b) two mixed drinking water colonies with 1% Methylobacterium inoculated, and two pure colonies of Methylobacterium (indicated with "M").
From the first set of experiments in which the Methylobacterium DSM 18358 was the only present species on the plates, it was shown that the Methylobacterium was motile only for the lowest agar concentration at 0.2% and the higher temperature tested at 28 °C. This indicated the important role that the viscosity of the substrate and the temperature play in the motility of the Methylobacterium. The most favourable conditions for the motility of the Methylobacterium were those in which the highest energy was provided to cells. This was found in R2A medium, in which cells were communicating with each other and tending to aggregate. When the medium switched from energy sufficient conditions to drinking water, the motility of Methylobacterium was decreased and the pure Figure 7 . Interactions of mixed drinking water colonies with and without Methylobacterium, and of pure Methylobacterium colonies after 12 h of incubation: (a) Two mixed drinking water colonies and two pure colonies of Methylobacterium (indicated with "M") and (b) two mixed drinking water colonies with 1% Methylobacterium inoculated, and two pure colonies of Methylobacterium (indicated with "M").
From the first set of experiments in which the Methylobacterium DSM 18358 was the only present species on the plates, it was shown that the Methylobacterium was motile only for the lowest agar concentration at 0.2% and the higher temperature tested at 28 • C. This indicated the important role that the viscosity of the substrate and the temperature play in the motility of the Methylobacterium. The most Water 2018, 10, 1386 9 of 12 favourable conditions for the motility of the Methylobacterium were those in which the highest energy was provided to cells. This was found in R2A medium, in which cells were communicating with each other and tending to aggregate. When the medium switched from energy sufficient conditions to drinking water, the motility of Methylobacterium was decreased and the pure colonies tended to spread away from each other in the search for nutrients.
From the second set of experiments in which the Methylobacterium was inoculated into mixed drinking water bacterial colonies at 1% relative abundance, it was found that its presence significantly enhanced the communication between drinking water bacteria even in a nutrient-poor environment like drinking water. It was also found that the presence of pure Methylobacterium colonies on the same plate with mixed drinking water colonies enhanced the ability of the drinking water bacteria to interact with each other and aggregate. The patterns observed from both sets of experiments were obvious even from the first 12 h.
Conclusions
This work suggests that the Methylobacterium strain DSM 18358 might quorum sense by sending chemical signals to one-another and other species of drinking water bacteria. This means of communication triggered bacterial aggregation by motile bacteria depending on the energy available in the surrounding environment. The knowledge that there are key species in aggregation in drinking water whose motility might play an important role in this aggregation and, subsequently, in the initiation of biofilm formation at the inner surface of pipes could be useful in designing methods to eradicate those bacteria or, at least, reduce their concentration in the main water flow. Since the identification of key bacteria in cell aggregation in drinking water is still at an early stage, other key species in bacterial aggregation in simple mixed cultures need to be tested for their ability to form aggregates in complex mixed drinking water cultures. Considering these key species in bacterial aggregation, further research on other Methylobacterium strains, and other species, such as the Acinetobacter calcoaceticus and the Mycobacterium species, would perhaps provide a greater understanding of the role of cell motility as well as quorum sensing and shear in their ability to communicate and form aggregates with other bacteria in drinking water. Ultimately this knowledge of key species in the process of biofilm formation will allow a more nuanced approach to control biofouling.
